Low resistivity Cu wires were obtained by high heating rate, short time, and low temperature annealing even at a temperature 100 K lower and for a time 67% shorter than the conventional H 2 annealing temperature and time. This was due to promotion of the grain growth by the release of grain boundary energy when the heating rate to the peak temperature was set at 1.7 K/s. Resistivity of Cu wires made by the new process at 573 K was lower than that of wires made by conventional H 2 annealing at 673 K for 30 min.
Introduction
In recent years, copper and an outer insulated layer with low relative permittivity have been used as interconnects with small RC delay for high performance ULSIs. 1) However, the significant resistivity increase with the decrease of line width in very narrow Cu wires causes large RC delay. [2] [3] [4] [5] Resistivity increase is mainly due to the fact that electron scattering occurs at the grain boundaries of the very narrow Cu interconnects.
We have already investigated the relationship between resistivity and average grain size along the longitudinal direction, i.e., current flow direction of Cu wires, and found that the average grain size considerably influenced resistivity. 6, 7) While the simplest approach to coarsen grain sizes is to keep the Cu wires at high annealing temperatures, for example, above 673 K for a long time (30 min), this would cause a resistivity increase due to the interaction between barrier metals and Cu wire and it would impose stress on outer fragile insulators. 1, 8) Chang et al. 1) investigated short time annealing of Cu films using rapid thermal annealing equipment and reported that resistivity decreased about 5-7% when raising the annealing temperature from 573 to 823 K for 30 s.
However, low temperature and short time annealing of Cu wires would be desirable to maintain barrier metal capability and reliability of the outer fragile insulation layers during annealing. Low temperature and short time annealing in general result in high resistivity Cu wires because sufficient grain coarsening does not occur.
If we utilize grain boundary energy 9, 10) as a driving force for grain growth during low temperature annealing, Cu wires with larger grain sizes and hence substantial low resistivity would be realized. A large grain boundary energy could remain in the Cu wires when the heating rate is very high and it would act as a driving force for the grain coarsening during the isothermal stage at the peak temperature.
Hence we have focused our attention on IR-RTA (infrared rapid thermal annealing), which allows high heating rate annealing of Cu wires with various heating rates, as a suitable annealing process to determine the most suitable heating rate.
Experimental
Trenches were made using electron beam lithography and reactive ion etching in a silicon dioxide layer. After that, Ta/TaN (7.5 nm/7.5 nm) barriers were sputter-deposited and then a 50 nm thick Cu seed layer was also sputter-deposited on the barriers. The trenches were 100 nm wide and 200 nm high. The reason why we used 100 nm wide Cu wires for the experiments is that we can sufficiently evaluate the effect of high heating rate, low temperature, and short time annealing on the resistivity of Cu wires of this size as described in Ref. 11) .
For electroplating, a normal DC electroplating process with a current density of 5 mA/cm 2 was used. Additives were used to enhance filling capability of trenches. In order to eliminate impurities in the copper wires, a high purity nominal 8 N Cu anode and nominal 6 N CuSO 4 Á5H 2 O electrolyte were used. The thickness of Cu films was 200 nm.
Cu films in the trenches were then annealed both by the conventional slow heating rate and long time furnace annealing in H 2 atmosphere, and the high heating rate and short time annealing using IR-RTA equipment as shown in Figs. 1(a) and (b), respectively. For H 2 annealing, the heating rate and holding time at peak temperature were fixed as 0.08 K/s and 30 min, respectively. The heating rate up to the peak temperature was varied from 0.1 to 3 K/s and the holding time at the peak temperature was also varied from 1 to 10 min in the case of high heating rate and short time annealing to inspect the effectiveness of both parameters on the grain growth, i.e., the reduction of Cu wire resistivity. Resistivities were measured by the four-point method after annealing and CMP (chemical mechanical polishing).
Results and Discussion
Average resistivities for 100 nm wide Cu wires as a function of heating rate up to 3 K/s are plotted in Fig. 2 . In this figure, holding time at 573 K was set as 10 min. Average resistivities of Cu wires decreased substantially on increasing the heating rate from 0.1 to 1.7 K/s; above this, they gradually decreased with increasing heating rate. In order to inspect the grain size distribution relative to the current flow, we observed the microstructure in images sectioned along the longitudinal direction of the Cu wires. 12) TEM micrographs are shown in Fig. 3(a) for Cu wire annealed at 573 K for 10 min with a heating rate of 0.1 K/s and in Fig. 3(b) for Cu wire annealed at 573 K for 10 min with a heating rate of 1.7 K/s. Lines were drawn along the grain boundaries in the micrographs to make it easier to see that the grain size for the latter was greater than that for the former. To obtain the grain sizes, the sizes of the grains were computed assuming the grains to be circular, and finally the diameter of each grain was calculated from the circular grain area. Obtained grain sizes of Cu wires formed with the above conditions are plotted and fitted to a log normal distribution 13) in Fig. 4 . Median grain size was 77 nm and grain size distribution was 1.57 for the former wire, and 84 nm and 1.49 for the latter. Hence, grain size became larger and more uniform with increasing heating rate. These results clearly showed that a high heating rate up to the peak temperature was indispensable for uniform grain growth.
We interpreted the above results that grain coarsening is due to large driving force by the release of large amount of grain boundary energy stored in Cu wires and high grain boundary mobility. 9, 10, 14) We present a grain growth model for high heating rate annealing using IR-RTA in comparison with conventional slow heating in H 2 in Fig. 5 . (a) In the case of high heating rate annealing, the coalescence of grains does not occur so frequently during the heating stage. Therefore large driving force by large amount of grain boundary energy stored in Cu wires and high grain boundary mobility remains in the sample and the grains coarsen rapidly in the isothermal heating stage. Thus, most grain coarsening occurs in the isothermal stage at the peak temperature. (b) In the low heating rate condition (H 2 annealing), the coalescence of grains at the heating stage occurs more frequently than in the high heating rate condition. The grain boundary energy and high grain boundary mobility have already been consumed to coarsen the grains in the sample at the heating stage. Therefore the remaining grains coarsen only gradually in the isothermal heating stage.
Thermal strain caused by rapid annealing and cooling will affect the enhancement of grain growth. This effect is also included in the present grain growth, however, the contribution of thermal strain is considered to be small compared to that of grain boundary energy, because the average grain size of the as deposited Cu wires is very fine (50-100 nm). Figure 6 shows resistivities of Cu wires made with high heating rate annealing using IR-RTA as a function of holding time at 573 and 673 K. Resistivities of Cu wires made by the conventional low heating rate annealing in H 2 atmosphere for 30 min are also shown in this figure for comparison. In H 2 annealing (heating rate: 0.08 K/s), average resistivities of Cu wires annealed at 673 K are about 12% lower than those for Cu wires annealed at 573 K; this is well known behavior. For high heating rate annealing of 1.7 K/s, resistivity of Cu wires annealed at 573 K for 1 min was about 10% higher than that for Cu wires annealed at 673 K for 1 min. We noted, in particular, that the resistivity difference of 10% due to the annealing temperature difference of 100 K (573 K and 673 K for 1 min) vanished after annealing at each peak temperature for 10 min. This resistivity value of 2.78 mÁcm for Cu wires annealed at 573 and 673 K for 10 min was found to be about 16% lower than the resistivity of 3.35 mÁcm for Cu wires made by conventional H 2 annealing at 573 K for 30 min. Furthermore, the above average resistivity value was also found to be 5% lower than that for Cu wires annealed at 673 K for 30 min in H 2 . We also have examined grain sizes in TEM cross-sectional images obtained along the longitudinal direction, i.e., current flow direction, of Cu wires made with high heating rate annealing of 1.7 K/s by IR-RTA at 573 K for 1 min and conventional H 2 annealing at 573 K for 30 min. Resistivities of these Cu wires are plotted against median grain sizes in Fig. 7 . In this figure, the samples were obtained as follows: (a) for H 2 annealing at 573 K for 30 min with heating rate of 0.08 K/s, (b) for IR-RTA at 573 K for 10 min with heating rate of 0.1 K/s, (c) for IR-RTA at 573 K for 1 min with heating rate of 1.7 K/s, and (d) for IR-RTA at 573 K for 10 min with heating rate of 1.7 K/s. Although the both heating rates for (a) and (b) are almost the same, median grain size and resistivity for (b) are larger and lower than those for (a). This is considered as follows. Oxygen in the Cu could be reduced to vapors by the hydrogen atmosphere, and some of them precipitate in the grain boundaries resulting in the reduction of driving force and grain boundary mobility for the grain growth of Cu wire. 14) It is clear that resistivity decreased with increasing median grain size.
Conclusion
We realized low resistivity Cu wires by high heating rate (=1:7 K/s), low temperature (573 K), and short time (10 min) annealing, even at a peak temperature 100 K lower than the usual temperature (673 K) by utilizing grain boundary energy. Resistivities of Cu wires made with high heating rate and short time annealing (573 K Â 10 min) were about 16% lower than those made by conventional annealing at the same temperature in H 2 . The resistivity of Cu wires formed by this new process was also 5% lower than that for Cu wires annealed at 673 K for 30 min in H 2 . 
